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INTRODUCTION

This report is a follow-up to" Numerical Simulation For The Permeation Of Barrier Materials By Neat Li-
quid Droplets" [1], which presented a solution to the governing differential equation using finite-difference methods

(see also (2]). The focus there was upon the dependence of permeation rate on barrier thickness.

Theoretical results for the time dependence of penetrant fluxes were in qualitative agreement with experi-
mental data obtained at an Army contract laboratory [3]. However, quantitative agreement was not always satisfac-
tory. Consequently, a number of the simplifying assumptions upon which the model was based, are relaxed here in an
attempt to identify the sources of discrepancy.

As described below, there is significant improvement in agreement between theory and experiment, when
account is taken of the finite rate of penetrant transfer from the downstream barrier surface to the bulk sweep gas
stream. This is primarily due to the low vapor pressures of chemical agent simulants, which minimize the driving

forces for diffusion through the gas-phase boundary layer adjacent to the barrier.

Although near-quantitative agreement with experimental data is achieved in some cases by this change in
boundary condition, there remain residual discrepancies in the earliest phase of an experimental run. Invariably, there
is a pronounced delay in the experimental onset of permeation, which is inconsistent with the model's predictions.
Attempts to replicate this behavior by varying the assumed droplet contact angle and penetrant diffusion coefficient,
were unsuccessful.

The physical basis of the observed behavior, which remains unidentified, may also be the cause of a second,
as yet inexplicable observation: the anomalous dependence of breakthrough time (tB) upon barrier thickness (L).
Theory predicts that tH should vary as Ln , where n - 2. For some penetrant / barrier material combinations, n was
found experimentally to be as great as 4 or 5. In the following report, the attempts to resolve these issues are

described.

The model system considered here is the same. At time 1 = 0, a pure droplet is placed upon an isotropic
membrane in the form of a disc of radius A, (see figure 1). The contact angle 0, made by the droplet with the surface,
is assumed to remain constant as sorption proceeds and the droplet shrinks, while maintaining the shape of a spherical
section. A non-permeating gas with zero penetrant concentration sweeps the barrier underneath. The gas above the
barrier may also be flowing.

The dissolved penetrant attains the equilibrium concentration, ( j, at the droplet base. Whereas the analysis
in the pi-evious report was based on the assumption of zero penetrant concentration in the bottom surface, I = L, in
this report that assumption is relaxed. We instead examine the significance of the finite rate of mass transfer from
barrier to sweep gas, and conclude that it can indeed be an important factor in the case of low vapor pressure pene-
trants.
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Figure 1. Schematic diagram of modelled system.

What follows are the mathematical formulation of the problem, an examination of the effects of finite mass
transfer rates at the barier surfaces, concentration dependence of the diffusion coefficient in the membrane, and the
assumed value of 0, plus comparison with experimental results and predictions of the earlier model. A preliminary
version of these results was presented at the November 1990 CRDEC Scientific Conference on Chemical Defense

Research (4].

Previous work in this area also includes a substantial body of modelling by Frisch and coworkers [5, 6, 7, 8,
9], in which many of our observations regarding permeation behavior were independently made. However, these

studies did not focus upon the issues addressed here.

1.0 Mathematical Formulation

Following the earlier model, we first neglect possible concentration dependence of the diffusion coefficient,
b. Thus, the concentration of penetrant in the membrane, t (Q, 1, ) , is governed by the following equation in cylin-
drical coordinates:

at b(a2t Iat at
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subject to:

C(,i,,o) = 0 0!5 _<,R, 0:5i!5 L (2)

t 0,()o, = tj o!5 <5,k(I) i >!0 (3)

bat(. 0° !) 0,() R) k, i>0 (4)

=b t( ,) = L, ( i,L,) 0 S.<, 1>0 (5)

0 0 o!<25L 1>0 (6)

ac(o, , i) -0 o< s isL lao (7)

The caret (A) is used to distnguish the above quantities from the dimensionless ones defined below.

The i. in equation (4) is an effective mass transfer coefficient representing convection from the upstream
barrier surface. Correspondingly, the i, in equation (5) is the coefficient governing mass transfer from the down-
stream barrier surface to the sweep gas. The term k, can be taken to denote either the membrane's radius or, in the
case of a regularly spaced array of droplets, the symmetry radius around each droplet (see figure 2).

Figure 2. Face view of barrier showing a symmetric array of droplets.
Hexagons indicate locus of symmetry around each droplet.

0 3



In addition to equation (1), auxiliary relationships relate the time-varying droplet radius, A () . to droplet

mass losses by transfer into the barrier and upstream gas. Thus:

8 q+ 4E (8)

where:

0 is droplet density and ' its volume, which is related to A by:

f/t) = A 3 (1)g(0) (9)

and

(8) = sine (2 + cos) (10)
(1 + cosO) 2

( to is the initial droplet volume; ko is the initial A value.)

The cumulative mass flow into the membrane at the base of the droplet, 4B, is given by:

a = -27J f"  (, 0,1) -drd (11)

4B=-2nb 00 a ( d

and the mass evaporated from the surface of the droplet. 4E, is given by:

4E= kC' A (?) d (12)

V-v
where t, = -. P = vapor pressure, id is the effective mass transfer coefficient for evaporation, and the exposed

drolet RT i y
droplet surface area is given by:

A(i =  ( 0)g (13)

The above relationships must be solved simultaneously to determine the droplet radius and concentrations
inside the barrier versus time. Once the concentrations are determined, it is possible to calculate the amount perme-

ated through the downstream surface, (4p) and the amount evaporated from the unwet portion of the upstream mem-
brane surface (4M) and the amount accumulated within the barrier (OA) from:

4p 2 (14)

4m = 2xiJflj f'? (7Q, 1) Pd1t (15)
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The concentration of penetrant vapor in equilibrium with the local dissolved concentration in the top sur-
face, is calculated from:

tv  0('O,) V
e7 o) - O e7 (16)

The implicitly linear relationship between equilibrium gas and polymer phase concentrations is an approximation
made in the absence of further data.

In addition, the amount accumulated within the barrier is calculated from:

4A 
= 2nf'f JA (, , )d Id (17)

As an internal check on the solution, it must be true that:

48 = 4A+4P+ 4M (18)

The solution is outlined in the appendix. Significantly, the behavior of the system is governed by the follow-
ing set of dimensionless parameters:

e (19)

CY = -- (20)

= Lko (21)

R, =(22)ko

k, (23)b

kd =-i~ (24)

k. = k L (25)
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2.0 Results.

To validate our numerical model, we compared its predictions with experimental data obtained several years

ago at Southern Research Institute, in particular that obtained using two membrane materials, Neoprene and natural
rubber (3]. A 5 gi droplet of diisopropyl methyl phosphonate (DIMP) was deposited onto 10 cm2 membranes of var-

ious thicknesses. In most experiments, both surfaces of the membrane were exposed to an air flow of I liter/min.
However, in some cases theve was no air flow above the barrier.

As in the previous report [1], a contact angle of 600 was assumed in the absence of a measured value, which

leads to estimates of 0.171 cm for , 0 and of 10.44 for R. On the basis of separate immersion experiments [101, the
liffusion coefficients, b, of DIMP in Neoprene and natural rubber were estimated at 7.6 x l0 8 cm2/sec and 7.8x 10"

cm2/sec, respectively. Furthermore, based on the droplet density, 0, of 0.98 g/cm 3 and measured solubilities, i ,, we

calculated the partition coefficient, a, (the ratio of (C, to 0) to equal 0.43 for Neoprene and 0.20 for natural rubber.

The dimensionless mass transfer coefficients at the bottom surface, k, were estimated (see appendix) at 0.94
and 1.83 for Neoprene membranes 5.6x10-2 and 1.09x10 1 cm thick, respectively. The corresponding values for nat-

ural rubber were 1.80 and 3.47 for 5.23x10-2 and 1.01x10 "1 cm thicknesses, respectively. For the experiments per-
formed without air flow above the barrier - that is, with a sealed upper chamber - parameters k. and kd were set at

zero, since the amount of DIM! vapor required to saturate the chamber represented a negligible fraction of initial
droplet mass (see appendix). Based on these conditions, and the above (Re, 0, a) values, the theoretical curves in fig-
ures 3 through 6 were generated for comparison with experiment.
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Figure 3. DIMP permeation rate vs. time for a Neoprene membrane. L = 5.23 x 10-2 cm; km = kd = 0
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Figure 4. DIM? permeation rate vs. time for a naftual rubber membrane. L 5.23 x 10-2 CM; k..= kd =0
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Figure 5. DIM? permeation rate vs. time for Neoprene membrane. L = 1.09 x 10-1 cm-, km. = lcd =0
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Figure 6. DIMP permeation rate vs. time for a natural rubber membrane. L = 1.01 x 10-1 cm; km = kd = 0

For both thicknesses and both materials the computer- generated curves do not show the pronounced delay
observed at the beginning of the experimental curves. In addition, calculated fluxes do not exhibit the maxima mea-
sured in the cases of thinner barriers (see figure 4). Included in each figure are curves generated from the earlier
model [1], marked "k, = .", which neglected the downstream mass transfer resistance of the sweep-gas boundary
layer and, accordingly, set = 0 at i = L. The results in figures 3-6 suggest that fluxes were, in fact, limited some-
what by this resistance.

We attempted to improve the fit to the Neoprene data by varying b by a factor of three higher and lower (see
figures 7 and 8; note: this caused k, to vary inversely by the same factor). As expected, permeation rates increased as
b increased and initial lag time shortened as b increased. Significantly, decreasing b improved substantially the fit
to the early and long-time flux data for both thicknesses. Nontheless, manipulation of b alone is insufficient to repli-
cate the shape of the flux curve, including a maximum, for both cases. Furthermore, it is apparent in figures 4 and 6
that similar adjustements in b cannot substantially improve the fit to the data for natural rubber.

,8
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Figure 7. DIMP permeation rate vs. time for Neoprene membrane. L= 5.6x10-2 CM; kfl=kd=0; sensitivity
to assumed value of b.
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Figure 8. DIM? permeation rate vs. time for Neoprene membrane. L= 1.09 x 10" cm; kmn=kd=-O; sensitivity
to assumed value of b.

Next, the diffusion coefficient was held constant while varying the downstream mass transfer coefficient, ,
by the same factors (thereby multiplying k, by the same factors as well; see figures 9 and 10). Again as expected,
increasing the mass transfer coefficient increases the flux. However, varying 1, firom its estimated value has no sub-
stantial effect on the permeation time lag. On the other hand, decreasing it improves the fit between theory and exper-
iment, for the long-time fluxes. It appears that manipulation of b1 and/or k, alone cannot yield quantitative

agreement with the data for both thicknesses of Neoprene.

9
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Figure 9. DIMP permeation rate vs. time for Neoprene membrane. L= 5.6 xlO'2 cm; km=kd=O;sensiuivity
to assumed value of .
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Figure 10. DINT permeation rate vs. time for Neoprene membrane. L= 1.09 x 10-1 cm, k.. = k =0;
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Finally, we modelled cases in which evaporation from the droplet and upstream barrier surface is not negli-
gible, i.e., where air flows at 1 L/min through the upper chamber. Values for the mass transfer coefficient, km, esti-
mated as described in the appendix, were 2.52 for 1.02 x 10" cm thick natural rubber and 1.34 for 1.09 x 10-1 cm
thick Neoprene. Then, with the previously estimated parameters and the estimated km and kd values, the curves
shown in figures 11 and 12 were obtained. Comparison of the experimental curves in figures 6 and 12 reveals the pro-
nounced effect of upstream evaporation losses in the case of natural rubber. (The effect in the case of Neoprene is not
as easily identified by comparison of the experimental curves in figures 5 and 11, but is of similar magnitude.) The
theoretically calculated effects of evaporation from the droplet and unwet portion of the upstream surface are small
compared to the effect of downstream gas-phase mass transfer resistance. Much higher evaporation rates are neces-
sary to conform theory to experimenL

180 Ks- inf initU
Kd,,Kri-0

150

/ ...-........ kd-KR-1.34

120

Ksw1.83
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60 Kd- m
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30

expe riment
0 -- -

0 300 600 900 1200 1500

TIME (min)

Figure 11. DIMP permeation rate vs. time for Neoprene membrane. L=1.09 x 10-1 cm. Experiment

with I L/min air flow in both the upper and lower chambers of the test cell. Sensitivity to

assumed gas-phase mass transfer coefficients.
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Figure 12. DIMP permeation rate vs. time for Natural rubber membrane. L=1.02 x 10- 1 cm. Experiment

with 1 L/min air flow in both the upper and lower chambers of the test cell. Sensitivity to assumed

gas-phase mass transfer coefficients.

3.0 Effect of the Contact Angle (0)

We examined the sensitivity to contact angle, of the permeation rate of DIMP through a 5.61 x 10-2 cm Neo-
prene membrane. To do so, we replaced the f0 ° value of 9 in equation (10) with respective values of 300 and 900.
This affected not only the initial droplet radius (Ao), but also the wetted area throughout a simulated run. The result-
ing values for A0, R, and X, respectively, were 0.226 cm, 7.88 and 0.25 when 0 was 300; and 0.13 cm, 13.73 and 0.43
when 0 was 900. Calculated permeation rate curves for the three contact angles and the experimental curve are shown
in figure 13. Permeation accelerates as 0 decreases, because of the correspondingly greater wetted areas. No
assumed angle yields a good overall fit. Variation of 0 had, understandably, no effect on the delay in the onset of per-
meation.

12
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Figure 13. DIMP permeation rate vs. time for a Neoprene membrane: L= 5.61 x 10-2 cm; k, = kd = 0;

k, --0.94; cr = 0.43. Numerical label denotes value of 0.

4.0 Breakthrough Time Estimation

In order to further investigate the early time behavior, we developed an analysis in which allowance was
made for dependence of the diffusion coefficient on concentration of penetrant. This was undertaken based on the
presumption that a substantially lower diffusion coefficient near i L, at the start of an experiment, might explain
the consistently observed lag in the onset of permeation.

It had been concluded in the earlier report [l], that theoretically calculated early time permeation behavior is
frequently indistinguishable from that with a fully wetted surface. This observation allowed us to explore the ramifi-
cations of a variable diffusion coefficient (which complicates the mathematics) in the context of a single spatial
dimension (which requires much less computer time than the 2-dimensional model deployed until now). The surface
area used to calculate amount permeated was that of the initial droplet/barrier interface.

We again assume a barrier of thickness L whose lower surface is swept by a gas with zero bulk penetrant
concentration. However, the upper surface at 2 = 0 is now completely covered with penetrant and remains so
throughout an experiment (see figure 14).

13



Downstream Sweep Gas

Figure 14. Schematic representation of model with fully wetted surface.

The governing partial differential equation becomes:

b- ( D) (1j'~ (26)

and the boundary and initial conditions reduce to:

=0 1<0 0sisL (27)

t i = , >0 = 0 (28)

-b= tC) 0 i = L (29)

In addition, we adopt an expression for the concentration dependence of the diffusion coefficient which has

conventionally been applied to modelling of diffusion in polymers [11]:

b () = Doe " (tlti)  (30)

where m is a constant characteristic of the polymer/solvent pair. A description of the finite-difference method used to
solve for concentrations and amount permeated is presented in the appendix.

To verify the accuracy of our simulation, we compared the amount permeated at anytime in the limiting case

when b is constant (m=O), with results obtained from a closed-form solution for the mathematically analogous prob-
lean of conduction of heat in a slab, with constant thermal diffusivity [12]. We also compared steady-state concentra-
tion profiles obtained from: (a) the solution to (26) with the time derivative set at zero, which collapses to:

(b dJ 0; and (b) the long-time behavior of the solution to (26) (i.e., at suffici'ntly long times that concentra-

tions are no longer changing).

14



Figure 15 depicts typical results for dimensionless concentration versus dimensionless position. The param-

eters correspond to a fully wetted membrane with 2.54 xl0 2 Cm (10 mils) thick, and with a I liter/min sweep gas
flow in the lower surface of the membrane. The results from the two numerical solutions (steady-state and transient)
overlap, as shown for both m-I and m=10. Furthermore, because of the comparatively low estimated value of k,

(when m=), external mass tranfer (from the downstream surface to the bulk sweep gas) is permeation-rate-limiting.
as indicated by the high steady-stat dimensionless concentration, C. at z= I (i.e., most of the overall chemical poten-
tial driving force is dissipated in the gas, not the membrane phase).

1.0 l

0.9-0

A 0

0.8 -

0.7

C

0.6,,

0.00 0.25 0.50 0.75 1.00
Z/L

Figure 15. Steady-state dimensionless concentration profiles with concentration dependent diffusion coeffi-

cient. Diamonds represent steady-state solution; m=1. Rectangles represent transient solution at long

time; m=l. Triangles represent steady-state solution; m=l0. Ovals represent transient solution

at long time; m=10. L = 2.54 x 10.2 cm. Note that k1, = 0.409 when m=1; and 3.32 x 103 when

m = 10 (where I, is defined as in Eq.(23), with bo replacing b; the dimensionless analogue of

bq.(29) is -DaC/az=kQC).
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Having confirmed the validity of our analysis, we proceeded to simulate the early'behavior of permeation of
DIMP in Neoprene membranes, as was first attempted - and described earlier in this report - using the 2-dimensional

model with constant b. In particular, we were seeking an explanation for experimental results indicating an anoma-

lous dependence upon barrier thickness, L, of the breakthrough time, !&. defined by the cumulative permeation of

540 ng/cm2 . We ittw relax the constant b assumption by letting m vary between zero and ten, and setting bo = -

e

(see equation 29), where bi is fixed at the value of the diffusion coefficient that has been used until now, which had

been obtained from a separate immersion experiment [ 101. Thus, equation (30) results in there being a lower diffu-
sion coefficient, at any concentration, as m is increased.

We see (in figure 16) that, when m = 10, at breakthrough - as compared to steady-state (figure 15) - the
dimensionless downstream concentration (C at z=1) is much lower (0.054). The corresponding steady-state value is

0.644. Thus, the effective diffusion coefficient at the downstream boundary is 5.90 x 10-12 cm 2/sec at breakthrough

and 2.16 x 10.9 cm 2/sec at steady-state. For the same value of n (10), when the barrier thickness was increased from

2.54 xl0 2 to 7.62 x 10-2 cm (10 to 30 mils), the concentration at z=l at breakthrough, decreased from 0.054 to

0.0062. Thus, when L was tripled, b (at z=1, at breakthrough) decreased only from 5.90 x 10"12 cm 2/sec to 3.67 x

10-12 cm 2/sec. This was the qualitative effect anticipated when it was decided to introduce the concentration depen-

dence of b: as L increases, the effective b decreases, enhancing the sensitivity of breakthrough time to L. However,
because C (at z=l, at breakthrough) remained in the vicinity of zero, the quantitative effect was marginal. With lower

values ofm, effects are even smaller. Nonetheless, as described below, we examined the theoretical dependence of is

onL.

1.00

0.75

0. 050

0.25

0.00-

0.00 0.25 0.50 0.75 1.00
12t

Figure 16. Breakthrough time dimensionless concentration profile; m=10. Parameters
based on DIMP/Neoprene; L = 2.54 x 10.2 cm; k, = 3.32 x 103.
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A primary goal of this project remains the prediction of the relationship between breakthrough time, !B, and

L. Thus, an auempt was made to rationalize experimental data which had previously been shown [13] to be express-

ible by:

?B = KL" (31)

where k and n are constants for a given barrier/penetrant system. In one set of computer runs, the parameters applied

previously to simulate DIMP permeation in Neoprene with no upstream airflow (see section 2) were employed along

with L values of 10 - 30 mils (2.54 x 10-2 - 7.62 x 10.2 cm), and i, of either 4.52 x 10-7 or 4.52 x 10-8 cm/sec. The

first j, value is an estimated mass transfer coefficient; the second was chosen to examine the effect of increased mass

transfer resistance.

Table 1 lists n values - obtained from least squares fits to the theoretically calculated is vs. L data - as they

varied with m, with i, fixed at the higher (estimated) value above. (Equation (3 1) did indeed provide a good fiL) The

theoretical results are in striking contrast to those derived from the experimental data for DIMP (Table 2), which

include n values ranging from 1.6 to 5.4 (1.8 to 5.4 with no upstream air flow; 1.6 to 4.2 with an air flow of I liter/

min), for various barrier materials. The results obtained using the i, value an order of magnitude lower were similar

in that n never exceeded 2. Thus, the concentration dependence of b cannot explain the anoumalous dependence of

?B on L. Interestingly, the experimental results for Neoprene with no air flow above (n=2.14) are close to the range of

theoretical prediction. However, the much higher n values for some of the remaining materials remain an enigma.

Table 1: Results of least squares fit of n values (eq. 31) to breakthrough times calculated
with different m values (eq. 30); based on estimated parameters for DIMP in
Neoprene.

m n

0 1.66

1 1.74

2 1.79

3 1.85

4 1.90

5 1.95

6 1.97

7 1.985

8 1.99

9 1.996

10 2.00

17



Table 2: Summary of n values derived from least squares fit of eq. 31 [13 ] to
breakthrough time data for agent simulant DIMP [31

With no upper chamber air flow With upper chamber air flow of lI/min

Smithers Rubber n n

Butyl 0001 No permeation No permeation

Neoprene 0005 2.14 1.69

Hydrin 0008 5.40 4.19

SBR 0011 2.29 >1.53

Natural rubber 0010 1.79 1.60

Vamac 0007 3.03 >1.91

Nirile 0004 No test performed 2.54

Silicone 0003 No test performed 2.31

5.0 Conclusions.

Improvement in the fit of modelling results to experimental data, has been achieved by inclusion of down-
stream gas-phase mass transfer effects. However, there remain marked discrepancies between theory and observation
in the case of early-time permeation behavior, leading up to the "breakthrough time":

i) The experimentally observed, pronounced delay in the onset of permeation remains irreconcilable with the
model, even after including the downstream gas-phase mass transfer resistance, as well as a concentrafion-dependent
penetrant diffusion coefficient in the barrier, and adjustment of droplet contact angle.

ii) Similarly, variation of model parameters - in particular, those governing concentration dependence of the
diffusion coefficient - proved unsuccessful in replicating the experimentally observed variety of dependences of
breakthrough time upon barrier thickness.

This leads us to conclude that either the experimental data - at least at early times - were not accurately mea-
sured; or physical phenomena - e.g., complications arising from the presence of chemical additives in as-received
rubber samples, or a non-equilibrium time-dependent droplet contact angle (droplet spread) - are responsible for the
observed dynamics of permeation. The immediate plan is to attempt to reproduce the anomalous experimental results
for at least one peneuant/barrier material combination.
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6.0 List of Notations

A Droplet exposed surface area.

t'o Equilibrium concentration at the droplet base.

C Dimensionless concentration as defined in the appendix by equation (34)

tv Vapor concentration.

t, Equilibrium vapor concentration.

CO  Finite-difference approximation for the intermediate value which arises from the implicit computation of C.

b Solvent diffusion coefficient.

DAB Gas phase diffusion coefficient.

k Proportionality constant.

id Mass transfer coefficient representing evaporation from the surface of the droplet.

kd Dimensionless mass transfer coefficient as defined by equation (39).

k. Mass transfer coefficient representing convection from upstream barrier surface.

k. Dimensionless mass transfer coefficient as defined by equation (40).

, Mass transfercoefficient governing transfer of mass from downstream barrier surface to the sweep gas.

k, Dimensionless mass transfer coefficient as defined by equation (38).

L Barrier thickness.

Id Initial droplet mass.

P Partial pressure.
V

P vapor pressure of the solvent penetrant which was diisopropyl methyl phosphonate.

P, Total pressure.

qA Amount accumulated within the barrier.

qA Dimensionless amount accumulated within the barrier defined, in equation (44).

4B Cumulative mass flow at the base of the droplet.

qB Dimensionless mass flow at the base of the droplet as defined by equation (42).

4E Mass evaporated from surface of the droplet.

qE Dimensionless mass evaporated from surface of the droplet as defined by equation (43).

4M Amount lost from unwet portion of the upstream membrane surface.
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qE Dimensionless mass evaporated from surface of the droplet as defined by equation (43).

qM Amount lost from unwet portion of the upstream membrane surface.

qM Dimensionless amount lost from the unwet portion of the upstream membrane as defined by eq (45).

4P Amount permeated through the downstream surface.

qp Dimensionless amount permeated through the downstream surface, as defined by eq (41).

P Radial coordinate.

r Defined as P/Ro

k (t) Time-varying droplet radius.

Re Reynold's number.

f, Membrane radius.

Rs Dimensionless membrane radius as defined by eq (32).

Sc Schmidt number

Sh Sherwood number.

i Time.

t Dimensionless time.

t13 Breakthrough time.

f Droplet volume.

ro Initial droplet volume.

i Distance from the upstream barrier surface.

z Define by equation (35).

a Defined after equation (76).

Defined after equation (76).

e Contact angle.

x, Defined following equation (46).

0 Droplet density.

a Defined by equation (37).
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Appendix

8.0 Conversion to Dimensionless Variables

To identify key parameters and generalize the results, equations (1) - (18) were rewritten in terms of the fol-
lowing dimensionless variables:

R,- (32)

_k

R = - (33)ho

c = -- (34)

Z = (35)
L
b

t b! -(36)
L

a =(37)P

k, -L (38)b

v

kd= oC (39)

k.= k- C L (40)

4P

qp -(41)

2 d
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q B = - (42)
qd

q~E = _ (43)
thd

qA
qA =4 (44)

rnd
qM

qM (45)
Md

ind is the initial droplet mass.

Equation (1) becomes:

iac = + + (46)

where X = L/Ao.

The initial and boundary conditions become:

C(rz,O) =0 0:_r<_R 0_<z_51 (47)

C(r,O,t) = 1 Or!5R(t) t>O (48)

0Cr (r, 0,t)- z = k, C 0 , O t) R (1) < r !5 R , t >_ ( 4 9 )

aC(r, 1, t)
at -kC(r, 1,t) 0!5r<R, t O (50)

aC (R,, z, t)
=r- 0 Os Z!5 1 0 (51)

a - 0 05z5_1 t1 20 (52)
e8r

Furthermore, equations 11,12,14,15 andl7 become, respectively:

6aX aC (r, 0, t)
= - fa~o z rdrdt (53)
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qe- 3akkd 9JR2 (t)dt (54)

qp = 6ak , J'J.c (r, 1, ,1) rdrd (55)
90O) 0o

q- - - C (r, O, t) rdrdt (56)

60. 0 R W
qA = C- -JJc(r,z, t)rdrdz (57)

The integrals were evaluated by applying Simpson's rule to the numerical values of C(rz,t) which had been deter-
mined as described below.

9.0 Calculation of the Mass Transfer Coefficients

In order to obtain a representative value for k3, we referred to the configuration of the liquid-droplet chal-

lenge permeation tests conducted at Southern Research Institute [3]. In these experiments, a cylindrical test cell was
divided into upper and lower chambers by the permeation barrier. In the lower chamber, a Teflon insert was used to

accelerate the air stream, thereby promoting gas-phase mass transfer (see figure 18). The volume of the lower cham-
ber was 6 cm 3 without the Teflon, and 3.5 cm 3 with the Teflon inserted. The volume of the upper chamber was 16
cm 3.

AGENT OR SIMULANT DROP TO CHARCOAL
AFILTER

TEST SAMPLE 
SCREEN

AIR --. __. . . TO ANALYTICAL

SYSTEM

TEFLON INSERT

FIGURE 18. Experimental configuration of multichamber test cell [31

The mass transfer coefficient at the bottom surface was obtained from the following correlation [141:
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S/i = 0.43 + 0. S 32 R e 0-5SSc 0 3 (5 8)

where Sh. the Sherwood number, is defined by:

Sh = kGPRTd (59)
DAB I

Re. the Reynolds number, is given by:

R e-pVd -pQd (0

and Sc. the Schmidt number, is given by:

SC = l' (61)
pDAB

In addition, Q=air flow rate, A= channel cross-sectional area of test cell, p=density of air, d= channel depth
below sample, p.=viscosity of air, T=absolute temperature in Kelvin, R= ideal gas constant, P,=absolute pressure in
atmosphere, P= partia.1 pressure, kG= gas phase mass transfer coefficient and for simplicity, carets (A) have been
omitted above the symbols for dimensioned parameters. To estimate the Reynolds and the Schmidt numbers, we
refer to the experimental conditions. Air at 250 C and 1 atmosphere was fed to the downstream chamber at 1000 ml/
min. The cylindrical cell which contained the sample had a diameter of 3.57 cm., a height above each sample of 1.59
cm., and a depth below each sample of 1.27 cm. (see figure 19).

FIGURE ~ ~ ~ ~ 1.0 191utca lc ctcl
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The gas-phase diffusion coefficient (DAB) was estimated using [151

10-3T'.75 [ (MA + M8 ) / (MAMa) ] 1/2
DA8 = 2 (62)

where A and B were air and diisopropyl methyl phosphonate (DIMP), respectively, and:

M = molecular weight

v = atomic diffusion volume

DAB was thereby estimated to be 6.34 x 10.2 cm 2/sec.

Once the Sherwood number was obtained, we derived the mass transfer coefficient i6 by rearranging eq

(59) to:.

kG =ShDAJP
RTDP(

The dimensionless expression for i, is given by:

k= kL (64)
b

where:

i,: the mass transfer coefficient defined by eq. (5), is equal to iPv

L: thickness of the membrane.

V
: vapor pressure of the solvent penetrant, diisopropyl methyl phosphonate (DIMP), 0.27 mmHg.

ej: equilibrium dissolved concentration at the droplet base.

b: diffusion coefficient of the solvent in the barrier material. Its value was obtained from separate immersion exper-
iments [10].

The value for the gas-phase mass transfer coefficient above the unwet surface of the membrane, was calcu-

lated using: S DA(
]= 5de (65)

d

where the Sherwood number (Sh) and diffusion coefficient (DAB) are estimated as before.
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The mass transfer coefficient was made dimensionless as follows:

k, =- (66)
bto

where:
V V

t, is vapor concenration in equilibrium with the droplet, P /RT.

In experiments with no air flow in the upper chamber of the test cell (see figure 18). the Reynolds number
(Re) was set to zero (V--0 in equation 60), which gives a limiting value of 0.43 for the Sherwood number (Sh). Sub-
stitution of this value into equation 65, results in a mass transfer coefficient (i,.) of 7.64 x 10-3 cm/sec. The corre-
sponding dimensionless k,, (equation 66) was sufficiently close to zero (0.0170) to justify neglect of evaporation
from the upstream surface. (Note, in addition, that P is so low as to justify neglect of the amount of mass lost from
the droplet in saturating a closed upper chamber.)The same value (0.0170) was obtained for kd.

10.0 Finite-Difference Approximation.

"(0-0)

throw

jib TOW

im column

(i- I J) (i+],j)

j=JL-I

i= vi~--

sweep gas

Figure 20. Arrangement of grid for finite difference analysis (note: grid is finer than shown; 1o is not the

grid point after 0)
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The finite-difference method [16, 17, 18, 19] was used to obtain the concentration profile C(rz,t) in the
membrane. To solve the partial differential equation (46) governing concentration using the finite-difference tech-

nique, the membrane was first divided into grid-points (ij), denoting space points having coordinates iAr, jAz. To
minimize computation time, the implicit alternating-direction method developed by Peaceman and Rachford [14] was

again used to obtain the numerical approximation for the concentration profile C(rz,t).

The method consists of alternatively treating the respective spatial derivatives in the r and the z directions as
unknowns in successive dimensionless time-steps At/2. The first half time-step is implicit in the r-direction, and the

second half time-step is implicit in the z-direction [17]. The net result is the concentration C(rz,t) at the end of inter-
val At. If we denote the set of dimensionless concentrations at "old" time as C-,,, those at the end of the first half

time-step as C,.,, and the "new" values (at the end of interval At) as C,, + I, the finite-difference analogs to equation

(46) become:

C8,, - Ci. C1.JC1 + -:- +-I. , a,.u =. .-2 . ..2 ,J +1, (67)
(At)/2 (Ar) 2  2i (Ar) 2  + (Az) 2

_________o___W .+. ._________ CS+I -C& 1 ,,' 1  ;_ 13 4 1 -2CiJ 1  +s~+11 +Q c;.,.,-idS+ 1J"+_J.2.+- 2c,,.,+,,.. (68)
(At) /2 -Ar 2(:.I 2  C8 1  2i (Ar) ) (Az) 2  

4+1R (8

Equations (67) and (68), plus the boundary conditions outlined below, each form a tridiagonal matrix of

equations in terms of unknown concentrations. In order to obtain Table 3, equations 67 and 68 were used with

1 1 i 1 - I and 1 js jL + 1. Due to the special boundary conditions (see next section) that exist at j=O (z=0) and
j=JL (z=l), and i = 0 (r=0) and i = I (r=R,) the tridiagonal matrix equations obtain by using equations (67) and (68)
were not directly applicable at these positions. Separate matrices of equations were necessary in order to apply these
boundary conditions. To solve the tridiagonal matrices in Tables 3 through 8, we used the Thomas algorithm [18].

10.1 Boundary Conditions.

At the unwet portion of the upper surface, i.e. j = 0, i>10 (see figure 20), boundary condition (49) applies. In

the preceding report [1], a "symmetry" analog was used to eliminate the virtual concentration C- 1 , in the finite dif-
ference approximation to the derivative in equation (49). However, that is justifiable only when (ac/az) is zero. For-
tunately, that was generally true of the cases examined in that report. For greater generality, we employ the "quarter
point" approach i.e., we write the partial differential equation at j= 1/4, making the following approximation:

S.. +(69)

aj ./4 4 ,j=o 4 .j=

0C3 a2IaC
a2 c + (70)

a 2 4 T2 4 T2
r2 i,j 1/4 I,jdO i,]

acl 3ac + I(71)

a 1/4 4 ,1
0 Tr1= I

29



Z a

ZC= 1/4 Az (72)
az2 ,1=/4

where:

C I _ C 4 - C 0 7C3)
4  4j 1/2 Az (73)

and:

a = k.C,.o 0(74)

(according to the boundary condition).

We substituted the above approximations in equation (46). What follow are the general equations for j=O,
when 1o< i! :

( 1. r (1 -  2)C (1 +- 2(+3 ) C I+ (1 + T C13 1l)C1 1- +.6(1 +1)C 1 - 3(l + 2i 8 1 0 =

+ (8a + 23) Ci, 1, +  [ 6 p -8a ( + k.Az)] C,o,,

(75)

and

[6+S~l+kAz ] ,..l-(S-2)C.,.. ={3(1- )Ci- 1" 0+ 6(p -1) Ci, 0+ 3 (1 + TI) CS + 1"°

(60~~~1 + 1a( ,z i,0, 8 -2)C,1

(-)C +2(13- )Ci,+ (+ I)C ,.,

(76)

S(Ar) I Ar
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A further complication arises from the boundary condition at r= (i=0). Here th, indeterminate form 0/0
] ac ac 2cresults for a -. However, by applying l'Hbpital's rule, I becomes a. Therefore, at i--0 the partial differential

equation becomes:

ac 0 e
ac = 2X2- + (77)

Ta2 z2

The finite-difference analogues to (77) at z=O (j=0) (see figure 20) are tien:

(60 + 12) Co.- 12C;. -2 (P + 2)Co., + 4C;., + [6 - 8a (1 + k,.Az) I CO., A+ 2 (4a+ P) CO, . (78)

and

(20 -8a)Co, 1 + 1 + [60 +8a(l+kAz)]Coo.,'+. = 12C. 0 + (60 - 12)C;. I+ (20 -4)Co' (79)

ac.

At i=I 1 (r=aR), i as again --0. As result, here the finite-difference analogs to (46) are:

- 6C;,10+ 6 (1 + ) C;. = 2C;' 1 1-2(1 + 0)C;,. I+ (20 + 8a)C,,.I + [61-8a (1 +k.Az)] C,,0.. (80)

and

6C 1.o + 6(13- 1) Cj,.0 + 2C, - 1,1

[8a(I+k Az) +611 C,1,.0.+I+ (20 -8a)C,,. 3 +I ={2 } (81)

As emphasized earlier, a different boundary condition is applied at j=jL (z= 1) than that used in the previous

report (see equation 50). In order to incorporate it into the finite-difference analysis, we again used the quarter point

approach. Thus, the second partial derivative with respect to z is approximated as:

ac ac

az2L A ,IL- 1/2 (82)

where:

ac

= -k,C ,,j 
(83)

i, jL
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(according to boundary condition (50)), and:

aC CO.L - CJL (84)
(')jL- 1/2 Az

The finite-difference analogues at j=jL (z=1) then become:

* 1!)(_ .jC_ -2(3 I + I).C*- (85)
i 1, 1 j (85)

+ [613- 8a(I +kAz) I CiJL.

for the first half ime-step and:

3(1- /)C _,.jL + 6 -) C4 L

(2P-8a)Cj.jL_, ,++[60+8a(l+kAz) ] C ij. . +3(1 C'+ 1)C°+ ijt~u~i hii~L~+12i 
+ I)L.jL+ -2i i-I~jL-I (86)

+2(0- I)C +. +( I) C+ .

for the second half time-step.

The convection boundary condition (equation 50) applies over the entire downstream surface. Accordingly,

equations (85) and (86) were applied at all values of i except at the end points (i=O and i=I), where the appropriate

boundary conditions (equation 51 and 52) were again applied. The result is:

2P( + 2) CO.,L-+ 4 CjL-I + 2 (4a+ P)CoL -.

(65 + 12 ) CO . .- 12COL .- = (87)
+ [613 -8a ( 1 +k, Az)I]CO.,,,

+( 12C, .L- I- 2 (13+1) C,.jL - + (8a + 23) C,,. L ,.8
- 6C,_ 1jL+6(I +1) C,.jL = (88)

+ [63 - 8a (1 + k,Az) ] CljL..
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for the first half time-step, and:

12CIJL + (6P - 12) CoJL + 4CI.jL _

(2 0- 8a)CojL-.In+I + [60+8a (I +kAz)]Co,jL+ } + ( (89)

+ (2-4) CO.jL_ I

6 C,,L+ 6 (P - 1) C,jL+ 2 CIJL

(2 -8a1~L .x 6 +8 I+kz Ij (90)

for the second half time-step

11.0 One Dimensional Transport with Concentration dependent Diffusion
Coefficient.

bIr the fully-wetted barrier with concentration-dependent D, the dimensionless partial differential equation

becomes:

ac D2c aD aC 2

a =  
2 a(z)

where D-.
bo

Since eq (91) is non-linear, we linearize it to become:

ac d-2 C aD * aC (ac-aD o T2+ (_) (j- (92)
t Z a C2  ( z az

where V denotes conditions at "old time" - i.e., at the start of a finite-difference time step. To arrive at the solution

presented in Table 9, the finite-difference approach as described in the previous section was used. The principal

change (other than in dimension) was that the boundary condition at j=jL was applied using the following variation of
the 1/4 point approach:

ac ac 1 2 ( 3
(-) - (T) -Az (9

33jLa+ 1L1/4,x+
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where:

ac k,
(T ) = _ cj L,+,  1 (94)

L / + I D z

ac ac(a~c](TE) - (T-)
2 zjL + I jL - 1/2, 1 (95

(a C.L11, _95

2

and:

ac CjL,+ I - CjL-1,.+1 (96)
(T)jL-I/Zx+i Az

It follows that:

_ 2D'CjL I - 2 (kAz + De) C+) ..+1 (97)

SjL1/4, + DvAz 2

Table 3: 2-Dinnsional Analysis; Tridiagonal Matrix Equations for the First Tme-Step (implicit in r only)

with jO; jjl iand 05i!

i =0 (2P + 4) C, 1 - 4C ,, = do

i : 1 c -, '.,+ 2(1 +1)c,.,- (I + - : d,

.... ( -l)Ci-,,+2(l+ )Ci j ( + i +j =di
2a _jJ)'c',j,2

- i ,-z.+2 (l+)C (1+2i = dr,

i = -2Ct 1, -i
+ 2(1 + P)C, = d,
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i C~Jj-1'.+ 2  a) CJ,, + aC,,J+R if j O

ifj 0; i>!0

Table 4: 2-Dimensional Analysis; Tridigonal Matrix Equations for the First Half lime-Step (implicit in r only)

with j=O; 10 <isI11

i = 10+ 1 6 (1+ P)Cti,io-3(0+ *.20dOI

i= J0+2 3( 1 - I)Ct,+I~o+6(1+J)C 4 +2zo-3(1+ + *030 l

S= 3(- 1)C~i-, 0+6(l +f)C,o-3(1 + -)C 1 +1o d,

= 1,-1 3 ( T I)CI,.. 2,+6(1+P)C, 1 -,o-3(1 + f:)Ci,,o =d, -

i= 1, -6C,. 1 *o+6(l +r3)Cl,.o di

di='-.-(10Ci, 1~ + 1,8+ 1.+ (8a + 20) CS, 1,+ [6P -8a (+ kAz)ICOR0'

for i >10 + I

d +1 =dj-3(--1) for i = I0+1I
10 T2I0

d 1= 2C -. j-2(1 4-J)C.,1,I+ (203+8a)C,,1 + [613-8ct(1+k.Az)]C 10, for i = 1

do = -2(03+2)C 5 ,1 +4C*,+1 1 + [613-8ct( +k.,Az)1C50O+ (8a+213)C,.1  for i=O
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Table 5: 2-Dimensional Analysis; Tridiagonal Matrix Equations for the First Half Time-Step (im~plicit in r only)

with j-JL; O~s i S 11

= 0 (60. + 2 ) CJ~ I,jL =d

3( 1 1)CO.jL 6 1 0 CI.JL 3 1) C*JL di

2i 2

-1 -6Ci -1 .. ,JL + 6 (1 + 0)Cell.J A=i

do - 2 (0+ 2 )C .0JL...+4 ClIJL..+2(4 t--) CO.,JL 1+ [6J3-8a(I+kAz)]COJL

di (I- -- )Ci-.zJL- 2 (l +0)Ci.JL.I+ 1)C 5i+i.jL..+ (8 a+ 2 p3)CiJL.+ [613-8cz(1+kSAz)]CJL

d= 2Ct1 -. JL-1- 2 (P+ l)C*IJL-l+ (8a+23)C/ JL I + [613-8cz(I+kSAz)]CIjL



Table 6: 2-Dimensional Analysis; Tridiagonal Matrix of Equations for the Second lime-Step (implicit in z)

j =0 (6 + 8a ( I+ kAz) IC 4 0  - 8=-2d 0 Y

j = 1 aCi 1,RI+2(P+()C... ai +1 I .

JI -I IL-iiL2, + 2 (P + a) Ci.,Ll ciCJL

(1-C1)C 1 1 + (I + f7C,+1,, for i 11 , i *0 &j*O

d= 2C,,- 1 ,,+2(0- I)C ,,, for = Jl;j*O

d,= (20 - 4) C*O,+ 4C*1 ,jfor i = 0;j 0

W= 6C%-i,o+6(P-1I)C* 0 +2C~-., +2(o -1)C~,, for = 11j= 0

d = 12C i,o + (60 - 12) C 0 0~+ 4C1 I+ (2 - 4)eo, I for 1i = 0;ij = 0

dj= 3(1 - -')Cj- o + 6 (P- 1) Cj, 0 + 3(1 +-)C 1 ,0 o+ (1- -C~j- 1 ,1 + 2(P - 1) C, I + (I + -) C~iI

for i 11 , i*O &j=-O
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Table 7: 2-Dimensional Analysis: Tridiagonal Matrix Equations for the Second Time-Step (implicit in z)

with 0Oisi!5l1 and j = JL

j J L (2P- 8a)C,L-j. + [6 + 8a (1+ k*Az)I]C,,L =djL

d iL =3 (1 - )CiiL 0 )CL4JL+ 3 + l)Ci+1,JL+ (1 -- )C~-,,JL-j +2(53- 1)C 5 .jL-1

+ (+ 1)C£ .JL.I for i*O& i#I1

diL = 12C',jL + (6 - 12)o~jL + 4C*I,JL-I + (2 0 - 4 ) Co.jL- .I for iO

dJit = 6C 1 -i.jL + 6 (P- 1) C ,.JL +2C 1, - I,jL- I + 2(3 1)C 1 ,,jL-I for i=11

Table 8: 2-Dimensional Analysis; Tridiagonal Matrix of Equations for the Second l-Ime-Step (implicit in z)

for 0!5 is 10J, j * 0

J a1i -C 1 0 .+I + 2 (P+ at) C01 , M+I - =,2,-+ d,

j1= j2-aC.3. + + 0aCi-+1 -a~j,.A+i 2

j = AL (203- 8cz) C,jL-.+ [60 +8a(I + kAz)]ICOL d= j
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d = 01--)C8  1,j+2(P- I)Cei,+ (I+-)C%+ jfo25jS-I

d = (2 - 4) Coj+ 4C *, for i_=O

= (1- - 1 1,j + 2( 1) C4j~+ (1 + -Cj I +1 , a for j= I

2i 2i 2

+ (+) C~IJL.-I forj = AL & i *O

dL 1 2C,.,L + (6 - 12)CoL + 4C,,L- I+ (2 - 4 )C*O.jL- I for j=JL &i=O

Table 9: Tridiagonal Matrix Equations For The One-dimnensional Fully-Wetted Surface Model.

j= 1:

(2XDv + 1)Cl,. +I - Xdv 12,- X .z+, d,

j=2:

dDv( 3 -C 1,) -XD]C 1,3+1 + (1 +2XD'O)C2, 3 4 - LXdDv C, 1 )+X 3.Wd

[?ic+13~~ 1 3 XDc, 1 , 1 + +( Xdd+)Cj + 1 - C .)+X
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j=jL- 1:

FXdDW1
4 (CjL' flCL-.zm) -)LD *jL.Zxfl + (2XD'+ l)CL.I n+I

[-4-(Cj, lCjL - ,) + XD ljL..+] =j-

j=jL:

I - 8XLDW - 2tdDo (C~nJ - I'm~l+ I+ [3 +8X (Azk+ D)JC.LI +

[2ttdDW (kCgL , (kAz + D#- 2Azk3 )1 4=dL

(DV 2 Az) C j

d,L = V

dDV is the derivative of DV with respect to C.

=At
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12.0 Programs Listing.

12.1 2- Dimensional model

PROGRAM DRPEV

C

C DROPLET DIFFUSION THROUGH A MEMBRANE (INCLUDING EVAPORATION)

C FINITE-DIFFERENCE SOLUTION (IMPLICIT ALTERNATING DIRECTION METHOD)

C SIMPSON'S RULE IS USED TO INTEGRATE OVER AREAS

C TRIDAG: SUBROUTINE FOR SOLVING A TRIDIAGONAL SYSTEM OF SIMULTANEOUS

C EQUATIONS.

C CPRIME: VECTOR FOR TEMPORARY STORAGE OF CONCENTRATION COMPUTED BY TRIDAG

C CSTAR: MATRIX OF CONCENTRATION C* AT THE END OF THE FIRST HALF TIME-STEP

C IFREQ: NUMBER OF TIME-STEPS BETWEEN SUCCESSIVE PRINTING OF CONCENTRA-

C TIONS.

C AMSBMSCMSEMSFMS,GMSAMBM,CMDM ARE THE COEFFICIENT VECTORS.

C

C IMPLICIT DOUBLE PRECISION (A-H,O-Z)

CHARACTER* 15 FNAME

REAL LAMBDA,KMKDKS,QOQACC,QTQED

DIMENSION AM(0:350),BM(0:350),CM(0:350),DM(0:350),C(0:350,0: 350)

DIMENSION CSTAR(0.350,0:350),CPRIME(0:350),AMS(0:350),BMS(0:350)

DIMENSION CMS(0:350),EMS(.350),FMS(O:350),GMS(0:350)

2 FORMAT(A)

WRITE(*,100)

100 FORMAT('INPUT FILE NAME FOR STORAGE OF CONC. PROFILE: ',$)

READ(* .2)FNAME,QUEST

OPEN(25.IOSTAT=IOSERR=79,FILE=FNAME,STATUS='NEW')

79 IF (10S .NE. 0) WRITE(*,64) lOS

64 FORMAT('OPEN ERROR '.14)



WRrrE(* 96)

96 FORMAT( IN'PUT FILE NAME FOR STORAGE OF DQDT: -,S)

R.EAD(*,2)FNAME

OPN(26FILE=FNAME,STATUS='NEW',FORM='UNFORMA1TED')

WRITE(*,98)

98 FORMAT('INPUT FILE NAME FOR STORAGE OF 0QQO,$

READ(*,2)FNAME

OPEN(28,FILE-FNAME,STATUJS= 'NEW' ,FORM='UNFOR MArrED')

WRrrE(*,99)

99 FORMAT(-INPUT FILE NAME FOR STORAGE OF RO: $

READ(*.2)FNAME

OPEN(30FILE--FNAM,STATUS='NEW ,FORM='UNFORMATED')

WRrrE(*, 102)

102 FORMAT('INPUT FILE NAME FOR STORAGE OF QACC ',)

READ(*P2)FNAME

OPEN(32JF1LE-FNAME,STATUS='NEW' ,FORM='UNFOR MAlTED')

WRITE(*,104)

104 FORMAT('SHRINKING DROPLET RADIUS? (YIN): ',$)

READ(*,2) QUEST

WRITE( ,105)

105 FORMAT(INPUT KMKD,KSTHETA (deg.), SIGMA.AND LAMBDA: ',$)

READ(*,*) KMKDKS,THETA,SIGMA, LAMBDA

WRITE(*,107)

107 FORMAT(INPUT IL (even #), 10, 1(even #),IFIRST (MUlLOf 10)',

& / AND MLAST (mulL. of 10): ', S)

READ(,) JLJiO, 11,IFISTILAST

WRrTE(*,108)

108 FORMAT('[NP JT DT AND [FREQ: ',S)



READ(,.)DTIFREQ

THETAR=2.0*3. 14 15926*THETA/360.0

FlrHETA=SIN(THETAR)*(2.0 + COS(THETAR))/(1.0 + COS(THETAR))**2

INC=(ILAST-IFIRST)/10

DZmI.QfFLOAT(JL)

DR- I .O/FLOAT(I0)

RO=FLOAT(I 1)/FLOAT(I0)

R0=1I

ALPF{A=(DR/DZ)*2/LANMDA**2

WRITE(25,1 10) KMKDKS,THETA,SIGMALAMBDARO,DR,DZ,IFIRSTILASTLNC

110 FORMAT(-UNSTEADY STATE DROPLET DIFFUSION IN A MEMBRANE, I.A.D.',

& 'METHOD, WITH PARAMETERS'//'KM = ',DI0.51 'KD=,

& DIO.5 /,'KS = ',DIO.5/,*THETA = ',DIO.5,'deg. 'I

& 'SIGMA = ',DIO.5/ 'LAMBDA = ',DIO.5/ 'RO =',DIO.S /

& 'DR =',DIO.5/'DZ =',DIO.5/'IFRST='14

& I ILAST =',I4/ 'INC = ',14)

DO 101=0,11

DO 10 =0,JL

C(1j)= 0

CSTAR(1,J)= 0

10 CONTIN UE

DO 15 1=0,10

CQI,0) = 1

CSTAR(I,0)= 1

15 CONTINUE

Jo=1

ICOUNT=O

N=-O
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T=0.0

DQDTr=0

DQODT=0

DQYM=O

DQDTED=0

QED-0

QEM=O

QACC=0

QO=0

RO-1

18 BETA=DR**2/(DT*LAMBDA**2)

AMS(0)=O.0

BMS(0)=2.OOBETA + 4.0

CMS(0)=-4.0

DO 20 1=1,11-1

Rl=l

AMS(1)=1 .0/(2.0*RI)- 1.0

BMSQI)=2.0(1.0 + BETA)

CMSQI)=-(l.0+1 .0/(2.0*RI))

20 CONTINUE

AMSQ11)=-2.0

BMS(1I)=2.0*(1.G+BETA)

CMSQ I )=0.0

EMS(O)=0.0

FMS(0)-6.0*(2.0+BETA)

GMS(0)=- 12.0

DO 22 1=1,11-l

-4 .4



RI=I

EMS(D=3.0*(1.0/(2.0*RI)- 1.0)

FMS(I)=6.0*( 1.0+BETA)

22 CONTINUE

EMS(J l)=-6.O

FMS(I l)=6.0*( 1.0+BETA)

GMS(I 1)=O.0

DO 23J=1 I TL- 1

AM(J)=-ALPHA

BM(J)--2.0*(ALPHA+BETA)

CM(J)=-ALPHA

23 CONTINUJE

AM[(O)=O.0

BM(0)=6.0* BETA+8.0*ALPHA*( 1.0+KM* DZ)

CM(0)=2.0* BETA-8.0* ALPHA

AM(JL)=2.0*BETA-8.0*ALPHA

BM(JL)=6.0*BETA+8.0*ALPHA*( I.0+KS*DZ)

CM(JL)=O.0

EF (T .EQ. 0.0) GO TO 228

24 T=T+DT

IF ( T.GT. (insert value)) GO TO 92

C PREVIOUS LINE IS USED IN ORDER TO STOP COMPULATION AFTER

C THE NECESSARY DATA HAVE BEEN COMPUTED.

C

N=N+I

ICOUNT=ICOUNT + I

Q=-Q + DQDT*DT/2.0
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QO=QG.DQODT*DT/2.o

QED=QED + DQDTED*DT/2.0

QEM--QEM + DQDTEM*DT/2.0

IF (I0.NE. -1) TBEN

DO 25 J=JOJL- I

DO 35 I=0,1I

DM(1)=ALPHA*C(IJ- 1)+2.0*(BETA-ALpHA)*C(1j)+ALpHA*C(1~j.4)

35 CONTINUE

CALL TRIDAG(0jI1,AMS,BMSCMS,DMCPRIME)

DO 40 1=0,1I

CSTAROlJ)=CPRIME(I)

40 CONTINUE

25 CONTINUE

J=L

DO 41 I-0,lI

IF (I -EQ. 0) THEN

DM(0)=-(4.0+2.0* BETA)-CSTAR(OJL- 1)+4.O*CSTAR( I ,L- 1)+2.0*

& (4.0*ALPHA+BETA)*C(0JL- I)+(6.0*BETA-8.0*ALPHA*

& (1.0+KS*DZ))*C(OJL)

ELSE

EF(1.EQ. 11) THEN

DM(Il)--2.0*CSTAR(11.1 JL- I)-2.0*( I.0+BETA)*CSTAR(I 1 JL- I)+

& (8.0OALPHA+2.0*BETA)*C(l 1 L- 1)+(6.0*BETA-.8.0*

& ALPHA*(1 .0+KS*DZ))*C(I I JL)

ELSE

DM(1)---AMS(I)*CSTAR(I- 14k. I)-BMS(I)*CSTAR(IJL- 1)-CMS(1)*

& CSTAR(I+1 JL- 1)+(8.0*ALPHA+2.0*BETA)*C(JL- 1)+

& (6.0*BETA-8.0*ALPHA*( I.0+KS-DZ))*C(lJL)
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END EF

END IF

41 CONTINUE

CALL TRIDAG(OI EMSFMSGMSDM,CPRIM)

DO 46 1=0,1I

CSTAR(IJL)=CPRIME(I)

46 CONTINUE

J=0

DO 45 1=10+1,11I

IFQ EIQ. 11) THEN

DM(I1)=(6.0*BETA-8.0*ALPHA*( 1.0+KM*DZ))*C(I1 ,0)+

" (2.0*BETA+8.0*ALPHA)*C(IlI,l)+2.0*CSTAR(I11-1,1)-

& 2.0*(1 .+BETA)*CSTAR(Il,1)

ELSE

DM)=(6.0*BETA8.0*ALPHA-8.*ALPHA*KM*DZ)*C6,0h+

" 2.0*BETA*C(I, 1)+8.0*ALPHA*C(I,1 )-AMS(I)*

& CSTAR(1 1, 1)-BMS(I)*CSTAR(I,1 )-CMS(I)*CSTAR(I+ 1,1)

END IF

45 CONTINUE

DM(10+1)=DM(0s.1)-3.0*(1 .0/(2.0*FLOAT(10+ 1))- 1.0)

CALL TRIDAG(10+ I1 1,EMSFMS,GMS,DM,CPRIME)

DO47 1=10+1,11

CSTAR(I.0)=CPRIME(I)

47 CONTINUE

END IF

IF (10 IQ. -1) THEN

D050J=IJL-1

DO 48 I1



DM(1)=ALPHA*C(IJ I )+2.0*(BETA-ALPHA)*C(IJ)+

& ALPHA*C(Ij+l)

48 CONTINUE

CALL TRIDAG(0I AMS,BMSCMS,DMCPRIME)

DO049 1=0,11I

CSTAROlj)=CPRIME(I)

49 CONTINUE

50 CONTINUE

J=O

DOI 51=-0,11

IF (I Q. 0) THEN

DM(I)=4.0*CSTAR(1 ,1)-2.0*(BETA+2.0)*CSTAR(O,1)+

& (8.O*ALPHA+2.0*BETA)*C(0,1)+(6.0*BETA-8.0*

& ALPHA*(1.O+KM*DZ))*C(O,0)

ELSE

IF (I .EQ. 11) THEN

DM(I 1)=(2.0*BETA+8.0*ALPHA)*C(I11 )+(6.0* BETA-8.0*

& ALPHA*(1 .0+KM*DZ))*C(1 1,0)+2.0*CSTAR(I 1-1,1)-

& 2.0*(1 .O+BETA)*CSTAR(I1 .1)

ELSE

DM(I)=(6.0*BETA-8.0*ALPHA*(1 .YJK4*DZ))*C(IOH+8.*

& ALPHA+2.0*BETA)*C(I,1)-AMSQI)*CSTAR(1 1.1).

& BMSQI)*CSTAR(I,l1)-CMS(I)*CSTAR(1+ 1,1)

END IF

END IF

51 CONTINUE

CALL TRIDAG(0,I1 ,kMS.FMS,GMSDM,CPRIM4E)

DO 52 1-0,11
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CSTAR(IJ)--CPRIME(I)

52 CONTINUE

J=JL

DO053 1=0,11I

IF (IEQ.0) THEN

DM(O)=-(4.O+2.0*BETA)*CSTAR(OJTL- 1)+4.O*CSTAR( 1,JL- 1)+2.O*

& (4.O*ALPHA+BETA)*C(OJL- 1)+(6.O* BETA-8.O* ALPHA*

& (1 .O+KS*DZ))-C(OJL)

ELSE

IF (I EQ. 11) THEN

DM(11)=2.O*CSTAR(111 ,JL-l)-2.O*(1 .O+BETA)*CSTARG I ,JL- 1)-,

& (8.O*ALPHA+2.O*BETA)*C(11 ,JL4I)+(6.O*BETA-8.O*

& ALPHA*(1.O+KS*DZ))*C(I1 JL)

ELSE

DM(1)---AMS(1)*CSTAR(I 1 ,JL- I)-BMS(I)*CSTAR(I,JL I )-CMS(1)*

& CSTAR(I+ 1JL- I)+(8.O* ALPHA+2.O*BETA)*C(IJL I )+(6.O0'

& BETA.8.O*ALPHA*(1 .O+KS*DZ))*C(IJL)

END IF

END IF

53 CONTINUE

CALL T-RIDAG(OI ,MSFMS,GMS,DM,CPRIME)

DO 54 1=0,11

CSTAR(IJL)--CPRIME(I)

54 CONTINUE

END IF

DO060 I=10+1I,11

RI T

DOS55 J=IJL-1



IF( I.EQ. I ) THEN

DM(J)--2.0*CSTAR(I-I J)+2.0*(BETA-1 0)*CSTR(IJ)

ELSE

IF (I Q. 0)THEN

DM(J)u1(2.0*BETA4.0)*CSTAR(Oj}+4.0*CSTAR( 14)

ELSE

DM(J)=( 1.0- 1 .0/(2.0*Rl))-CSTAR(I- J)+2.0*(BETA 1 .0)*

& CSTAR(Ij)+(1.0 + 1.0 /(2.0*RI))*CSTAR(1+ I J)

END EF

END IF

55 CONTINUE

J=0

IF (I.EQ. 11) THEN

DM(0)-6.O-CSTAR(I11 ,0)+6.O*(BETA- 1.Q)*CSTARJ(I 1,0)+2.0*

& CSTAR(I 1-1, 1)+i2.0*(BETA 1 .O)*CSTAR(I 1,1)

ELSE

IF (1 .EQ. 0) THEN

DM(0)= 12.0*CSTAR(1I,0h+6.0*(BETA-2)*CSTAR(0,0)+4.0*

& CSTAR(1 .1)+2.0*(BETA-2)*CSTAR(0, 1)

ELSE

DM(0)=3.0*( 1.0-1 .0/(2.0*RI))*CSTAR(I1 ,0)+6.0*(BETA I )*

& CSTAR(I,0)+3.0*( 1.0+1 .0/(2.0*RI))*CSTAR(I+ 1,0)+

& (1.0- 1.0/(2 '*RI))*CSTARJ(1I 1,1)+2.0* (B ETA- 1 Q)*

& CSTAR(I, 1)+( 1.0+1.0/(2.0* RI))*CSTAR(I+ 1,1)

END IF

END IF

W=L

IF (I .EQ. 0) THEN
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DM(JL)--2.0*(3.0*BETA-6.0)*CSTAR(0,JL)+ 12.0*CSTAR(1 ,JL)+

& 2.0*(BETA2.0)*CSTAR(0JL. 1).4..*CSTAR( 1 JL- 1)

ELSE

F (I.EQ.I11) THEN

DM(JL)=6.O*CSTAR(I I* -IJL)+6.0* (BETA- 1 .0)*CSTAR(I 1,JL)+

& 2.O*CSTAR(I 1-1 ,JL.)+2.0*(BETA. I.0)*CSTAR(I1 .JL- 1)

ELSE

DM(JL)=3.0*(1 .0-1 .0(2.O*RD))*CSTAR(I I JL)+6.0*(BETA. )*

& CSTAR(IJL)+3.0*( 1.OI(2.0*RI)+ I.0)*CSTAR(I+ 1 JL)+

& (1.0- 1.0/(2.0*RD))*CSTAR(I. 1 ,JL- 1 )+2.0* (BETA- 1 .0)*

& CSTAR(IJL.1H+I.0/(2.0*RI)+ 1.0)*CSTAR(1+1 JL- 1)

END IF

END IF

CALL TRIDAG(0,JLAM,BMCMDM,CPRIME)

DO 61 J=-OJL

C(1J)--CPRIMlE(J)

61 CONTINUE

60 CONTINUE

IF aO IQ. -1) GOTO220

DO 75 1--0,10

RI=I

DO 70J=IJL-l

IF (I.EQ. 0) THEN

DM(J) H-2.0* BETA-4.0)*CSTAR(0J)+4.O*CSTAR(1 J)

ELSE

DM(1)=(1.0.1.0/(2.0*RI))*CSTAR(I.1 J)+2.0*(BETA.I .0)*

& CSTAR(1.J)+(l.0 + 1.0/(2.0*RI))*CSTAR(I+1IJ)

END IF
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70 CONTUEM

J=JL

IF (1 .EQ. 0) THEN

DM(JL)=12.0OCSTAR(1 JL)+2.0(3.0*BETA-6.)*CSTAR(OJLyi.4.0*

& CSTAR(1 JL- 1)+2.0* (BETA-2.0)*CSTAR(0,JL- 1)

ELSE

DM(JL)=3.0*(1 .0-1 .0/(2.0*RI))*CSTAR(I 1JL)+6.0*(BETA-

& 1.o)*CSTAR(1,JL)+3.0*(1 .0/(2.o*RI)+1.O)*

& CSTAR(I+ 1 JL)+( 1.0-1 .0/(2.0*R1))*CSTAR(I 1 ,JL- I)+

& 2.0*(BETA. I.0)*CSTAR(1JL- 1)+(1 .0/(2.0*RI)+ 1.0)*

& CSTAR(I+1,JL-1)

END IF

DM(1)=DM(1) + ALPHA

CALL TRIDAG(1 .JL,AM,BM,CM,DMCPRIME)

DO 75 J=IJL

C(1,J)-CPRIME(J)

75 CONTINUE

C

C FLOW THROUGH THE MEMBRANE SURFACE AT Z--1

C

220 SUM2=0

SUM3=0O

DO0225 1=1,I- 1,2

SUM2--SUM2+C(IJL)*FLOAT(I)

225 CONTINUE

DO 259 1=2, 11-2,2

SUM3=SUM3+C(I.JL)*FLOAT(1)

259 CONTINUE
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AREA=DR**2/3.0* (C(OJL)*FLOAT(O)+4.0*SUM2+2.O*SUM3+C(I 1 ,JL)*

& FLOAT6l 1))

DQDT=2.03.14 15926*KS*LAlvIBDA*AREA

Q=Q+DQDT*DTt2O0

C

C ACCUMULATION WITHN MEMBRANE

C

SUM2=0

DO 270 J=0,JL,2

SUM[R2--0

SUMR3=-0

DO 260 1=1)1-1.2

SUMR2=-SUMR2+C(I,J)*FLOATGI)

260 CONTINUE

DO 262 1=2. 11-2,2

SUNM=SUMR3+C(lJ)*FLOAT(l)

262 CONTINUE

AREA=DR**2/3.0*(4.0*SUMR2+2.O*SUMR3+C(IlIj)*LOAT(1))

EF (J EQ. 0)THEN

AREAO=AREA

ELSE

IF ( J EQ. JL )THEN

AREAJL--AREA

ELSE

SUM2=-SUM2+AREA

END IF

END IF

270 CONTINUE



SUM3=0

DO 271 J= 1JL- 1.2

SUMR2,z0

SUMR3=0

DO 264 1=1I,11- 1,2

SUMR2--SUMR2+C(IJ)*FLOATWl

264 CONINUE

DO 266 1=2j 1 -2,2

SUMR3=SUMvR3+C(1.J)*FLOAT(I)

266 CONTINUE

AREA=DR**213.O*(4.O*SUMR2+2.O*SUMR3+C(I 1 J)*FLOAT(I 1))

SUM3=SUM3.AREA

271 CONTINUE

VOLUME=DZ/3.0*(AREAO+4.0*SUM3+2.O*SUM2+AREAJL)

QACC=2.0*3. 141 5926*LAMBDA* VOLUME

C

C EVAPORATION FROM MEMBRANE SURFACE AT Z=0

C

[F (KM .EQ. 0) GO TO 320

MI=I1

Mo=o

ADD=O

IFQO10EQ. -1) GOTO0330

mO=[0

ET=FLOAT(10)/2.0

IET=ET

IF (FLOAT(IET) .EQ. ET) GO TO 330

MI=T1-1
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C

ADD=DR**22.O*(C(M I,0)+C(I11,0))*(FLOAT-(Ml1)+0.5)

330 SUM2=0

SJM3-0

DO 325 I=MO.2,M 1.2

SUM[2-SUM2+C(1- 1,0)*FL0AT(I 1)

IF (I EQ. MI) GOTO327

SJM[3=SUM[3 + C(1,0)*FLOAT(I)

325 CONTINJE

327 AREA=DR**2/3.0*(C(M 1,0)*FLOAT(Ml1)+4.O*SUM2+2.O*SUM3+C(MO,0)

& *FLOAT(M[0))

AREA=AREA+ADD

DQDTEM=2.0*3. 1415926*KM*LAMIBDA* AREA

QEM--QEM+DQDTEM*DTt2.0

C

320 IF (I0 EQ. -1) GO TO228

IF (10 .NE. 0)00O TO 207

RO=0

QED=QED+DQDTED*DT/2.0

DQDTED=0O

GO TO 228

C

C TOTAL FLOW INTO MEMBRANE

C

207 QO=Q+QACC+QEM

C



C EVAPORATION FROM DROPLET SURFACE

C

DQDTED=KDITHETA*3. 1415926*LAMBDA*RO**2

QEI)QED+DQDTED*DT2.O

C

C TOTAL FLOW FROM DROPLET (THS IS USED AS A MATERIAL BALANCE CHECK)

C

QT-=QO+QED

C

IF (QUEST.EQ. 'N') GO TO0228

DUM=3.O/(FTETA*3. 1415926)*QT*SIGMA

IF (DUM.L.E. 1.0) GO TO 211

10--0

DQDTED=-O

GO TO 228

211 RIO=(I.G.DUM)-*(1.O/3.O)/DR

RO=RIO*DR

ll0=RIO

TIO=FLOAT(II0)+0.5

I0P--]0

IF (RIO .GE. TIO) IOP=11O+1

IF (1OP .GE. 10) GO TO 228

10=10P

C

C

228 IF (ICOUNT .NE. IFREQ) GO TO 24
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ICOUNT=O

WRITE(25, 1 15)DT,T,DQDT,Q,QO,QEM,QED.QACC,RO

115 FORMAT(//'DT = ', D10.5

& /PAT ATIMET= ',DI0.5/34X,'DQ/DT(OUT) = ',D20.61

& 34X,'Q(OUT) = ',D20.6 / 34X, 'Q(IN) = ',D20.6 / 34X,

& 'Q(EM) = ',D20.6 / 34X, 'Q(ED) = ',D20.6 / 34X,

& -Q(ACC) =', D20.6/34X, 'RO = ',D20.6H

& 'CONCENTRATIONS ARE'//)

WRITE(26)T*2220.00,DQDT* 44.98

C THE VALUE TRiAT MULTIPLIED T IS THE FACTOR NECESSARY IN ORDER TO

C CONVERT DIMENSIONLESS T INTO TIME IN MIN. IT IS THE VALUE OF

C L**2/(D*60). TO CONVERT DQDT INTO NG/SQ.CM.MIN WE HAD TO MULTIPLY

C DIMENSIONLESS DQDT BY THE VALUE OBTAINED FROM (CO*RO'*3*D)/L**2

C

WRITE(28)T*2220.00,Q* 100.00

C THE SAME IS TRUE HERE FOR T. BUT Q WAS MULTIPLIED BY THE VALUE OBTAINED

C FROM ((CO*R**3)/10cm**2)* 10*6 IN ORDER TO OBTAIN Q IN MICRO GRAM/SQ.CM

C

DO 80 J=O, JL

WRITE(25,120) (C(IJ), I=IFIRST, ILAST, INC)

120 FORMAT(I0(D 10.4,2X),DIO.4)

80 CONTINUE

C

C THE FOLLOWING WAS DONE IN ORDER TO CHANGE THE TIME STEP DURING

C COMPUTATION

C

IF ( T .GT. 0.30 ) THEN

DT=0.00005
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IFREQ=8O0

GO TO 18

ELSE

IF ( T.GT. 0.05000) THEN

DT=0.O0001

EFREQ=80

GO TO 18

END EF

END IF

GO TO 24

92 CLOSE (25,STATUS='KEEP')

CLOSE (26,STATUS='KEEP')

CLOSE (28,STATLJS='KEEP')

CLOSE (30,STATUS='KEEP')

CLOSE (32,STATUS='KEEP')

CLOSE (34,STATUS=KEEP')

END

C

C

C

C

C

C

SUBROUTINE TRIDAG(IFLAB,C,D,V)

DIMENSION A(0:350),B(0:350),C(0O.350),D(0:350),V(0:350)

DIMENSION BETA(0:350),GAMMA(0:350)

BETA(IF)=B(EF)

GAMMA(IF)=D(IF)/BETA(IF
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IFPI=IF+1

DO 5 I=IFPI,L

BETA(I)=B(I)-A(I)*C(I- 1)/BETA(I- 1)

GAMMA()=(Dl-A(I)*GAMMA(I- 1))/BETA(I)

5 CONTINUE

V(L)=GAMMA(L)

LAST=L-IF

DO 10 K=ILAST

I=L-K

V(I)=GAMMA(I)-C(I)* V(I+ 1)/B ETA(I)

10 CONTINUE

RETURN

END

12.2 1- Dimensional Model

c DIFFUSION IN A PLANE SHEET (ONE DIMENSIONAL ASPECT)

C FINITE-DIFFERENCE METHOD (NON-LINEAR SOLUTION)

C TRIDAG: SUBROUTINE FOR SOLVING A TRIDAGONAL SYSTEM OF

C SIMULTANEOUS EQUATIONS

C CPRIME: VECTOR FOR TEMPORARY STORAGE OF CONCENTRATION

C COMPUTED BY TRIDAG

C DSTAR: DIFFUSION COEFFICIENT AT OLD TIME AS A FUNCTION

C OF CONCENTRATION

C DDSTAR: DERIVATIVE OF DSTAR

C KS : DIMENSIONLESS MASS TRANSFER COEFFICIENT

C AMBMCM,DM ARE THE COEFFICIENT VECTORS.

C

CHARACTER*20 FNAME

REAL LAMBDA,KS,M
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double precision am,bmncm,dm,ccprime,dstarddstar

DIMENSION AM(0:700),BM(O:700),CM(O:700),DM(0.700),

& C(0.700),CPRIME(O:700),DSTAR(O:700),DDSTAR(O:700)

2 FORMAT(A)

WRITE(* 100)

100 FORMATCI1NPUT FILE NAMIE FOR CONC FILE: '$

READJ(*,2) JF4A&J

OPEN(25FILE--FNAME,STATUS='NEW')

WrE,101)

101 FORMAT( INPUT FILE NAM E FOR DATA FILE:,)

OPIEN(26JFILE-FNAME,STATUS='OLD')

READ(26.*)KS,JLJFISTJLAST

READ(26,*)DTJFREQ

WRITE(*,90)

90 FORMAT( INPUT FILE NAME FOR STORAGE OF DQDT:

READ(*.2)FNAME-

OPEN(27,FILE--FNAMEF,STATUS='NEW' FORM='UNFORMA=rD')

WRMT(* 91)

91 FORMAT('INPIJT FILE NAME FOR STORAGE OF Q: '$

OPEN(28,FILE=FNAME,STATUS='NEW',FOR M='UNFORMA'TED)

C

DZ= I .0/FLOAT(JL)

INC=(JLAST-JIRS1)/1O

WRITE(2S,102)KS M,DT.JLDZ,INC

102 FORMATC KS= ,DIO.5/'M=',D IO.5/'DT=',D 10.5/

& JL= ',14/'DZ--',DIO.5/PTNC= ',14//)



DO IOJ-OJL

C(J)=0

DSTAR(J)--EXP(M*C(J))

DDSTAR(J)=M*EXP(M*C(J))

10 CONTINUE

C(0)=1

DSTAR(O)=EXP(M*C(0))

DDSTAR(0)=M*EXP(M*C(O))

ICOUNT=O

N=O

T=0O.0

DQDT=0.0

Q=0.0

3 LAMBDA=DT/(DZ**2)

IF (T EQ. 0.0) THEN

WRITE(25,103) TLAMBDA

103 FORMAT(-AT TIME T= ',D1O.4,2X, 'LAMBDA= ',DI10.4#

& 'CONCENTRATIONS ARE'//)

WRITE(25, 104)(C(J)4=JIRSTJTLAST,INC)

104 FORMAT(10(D1O.1,2X),DIO.1)

END IF

4 T=T+DT

IF (Q .GT (insert amount)) GO TO 92

C

C PREVIOUS LINE IS USED IN ORDER TO STOP THE PROGRAM AFTER

C COMPUT ING DATA FOR A SPECIFIED Q OR T OR..

C

N=N+ I

ICOUNT=ICOUNT+ 1



AM(1)=O.0

BM(1)=-1.O+2.0*I.AMEBDA*DSTAR( 1)

CM(1)--.(LAMEBDA*DSTAR( 1)+(LAMEBDAI4.0)*(DDSTAR(l1))*(C(2)- 1.0))

DO 15 J=24L- I

AM(J)=-LAMBDA*DSTAR(J)+(LAMv1BDA/4.0)*(DDSTAR(J))*(C(J+1 )-C(J- 1))

BM(J)=1.0+2.O*LAMBDA*DSTAR(J)

CM(.)=-L-AMEBDA*DSTAR(J)-(LAMDA/4.0)*(DDSTAR(J))*(C(J+ I)-C(J- 1))

15 CONTINUE

AMQJL)= 1 .O8.0*LAMBDAMDSTAR(JL)-2.0* DT-DDSTAR(JL)*

& ((KS*C(JL))/(DSTAR(JL)*DZ))

BM(JL)=3.0+8.O*LAMBDA*(DZ*KS+DSTAR(JL))+(2.O*DT*DDSTAR(JL)*

& KS*C(JL)*((KS*DZ+DSTAR(JL)-20*DZ*KS)/(DSTAR(JL)**2*

" DZ)))

CM(JL)=O.O

DO 16 J=1JL

IF(J.EQ. 1) THEN

DM(1)=C(1)+LAMBDA*DSTAR(lI)-(LAMBDA/4.0)*(DDSTAR( 1))*(C(2)- 1)

ELSE

IF (J EQ. JL) THEN

DM(JL)=C(JL- 1)+3.O*C(JL)

ELSE

DM(J)=CGT)

END IF

END IF

16 CONTINUE

CALL TRIDAG( 1 JLAM,BM,CM,DM,CPRIE)

DO 17 J=I JL

C(J)=CPRIMB-(J)

17 CONTINUE



C FLOW THROUGH MEMBRANE (AT Z--1).

C

DQDT=KS*C(JL)

Q=Q+DQDT*DT

C

DO 20 J= 1 )L

DSTAR(J)=EXP(M*C(J))

DDSTAR(J)=M*EXP(M*C(J))

20 CONTINUE

C

IF (ICOUNT NE. IFREQ) GO TO 4

ICOUNT=0O

WRITE(25,105) DTTLAMBDADQDTQ

105 FORMAT(/fDT= ,D15.51fAT TIME T= ',DIO.5/34X,'LAMBDA='

& ,D15.5/34X,'DQDT(OUTO= -*D15.5/34X,'Q(OUT)= ,D15.5

& //'CONCENTRATIONS ARE '//)

WRITE(27)T,DQDT

WRIT(28)T,Q

WRITE(25,106)XC(J)XJ=IRSTJLAST,INC)

106 FORM[AT(l0(DlO.4,2X),D1O.4)

C

C THE FOLLOWING LINES ARE USED IN ORDER TO CHANGE THE TIME

C DURING COMPUTATION.

C

IF(T .GT. 10.0) THEN

DT=0.O001

IFREQ-=800

GO TO 3
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ELSE

IF (T .GT 0.034) THEN

DT=0.000000 1

IFREQ=1

GO TO3

END IF

END IF

GO TO 4

92 CLOSE(25,STATUS='KEEP')

CLOSE(26,STATUS='KEEP')

CLOSE(27,STATUS='KE-EP')

CLOSE(28,STATUS= 'KE~rP')

END

C

C

C

C

SUBROUTINE TRIDAG(IFLAB,CD,V)

DOUBLE PRECISION AB,C,D,VBETA,GAMMA

DIMENS ION A(O;700),B(0:700),C(0:700),D(0:700),V(0: 700)

DIMIENSION BETA(0:700),GAMMA(0.700)

BETA(IF)--B(IF)

GAMMA(I]F)=D(IF)IBETA(IF)

IFPI =IF+ 1

DO 5 I=IFPI.L

BETA(I)=B(I)-A(D)*C(I. I )/BETA(I- 1)

GAMMA(D=-(D(I)-A(I)*GAMMA(I. I))/BETA(I)

5 CONTINUE



V(L)=GAMMA(L)

LAST=L-IF

DO I1I K= ILAST

I=L-K

I1I CONTINUE

RETURN

END
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